Sleep behavior and bioelectric brain development have been studied by means of polygraphic recordings (respiration, eye movements, muscle activity, and electroencephalogram (EEG)) in 22 infants and young children with phenylketonuria (PKU). The EEGs were analyzed by a special visual pattern recognition program as well as by means of computer spectral analysis. The distribution between rapid eye movement (REM) or active and non-REM (NREM) or quiet sleep was not found to be different from control infants of the same age. Quite contrary to current theories on the biochemical regulation of sleep as derived from acute animal experiments, our results indicate that, under chronic conditions, a normal sequence of quiet and active sleep can be maintained despite a severe lack of blood and cerebrospinal fluid serotonin as it occurs in hyperphenylalaninemia. In the EEG of subjects with PKU the development of a rhythm or sleep spindle (12-16 cps) activity was enhanced and already abnormal as early as 5 weeks after term birth. The frequency of a waves as well as of hypnagogic, monomorphic, 6 activity was shifted toward higher values. Dietary treatment of 4-6 weeks duration and normalization of blood phenylalanine levels did not significantly change the abnormal bioelectric phenomena.
Introduction
should be, in theory, alterations of sleep behavior be-,, T , , , ,, cause o£ the disturbances of tryptophan metabolism in In the present state o£ central nervous system science seldom Jff has the proverbial drunk's search for his wallet under the lightthis disease. Either the hydroxylation of tryptophan, post (instead of where it might be) been better exemplified than the active transport of 5-hydroxytryptophan into the in the assignment of determining roles to the biogenic amines in brain, or the 5-hydroxytryptophan decarboxylase activvarious behavioral states."
it is inhibited r 29 61 j presumably by the elevated fluid 5-hydroxytryptamine (serotonin) [6, 28, 62 ] -y-aminobutyric acid [5] is diminished in PKU. Serotonin has occasionally been labeled "somnotonin" [37] and there is general agreement that it facilitates sleep [15, 38, 60, 70] . Jouvet [31, 32] proposes that the raphe nuclei of the brain stem of the cat constitutes a system-a "sleep lobby"--with serotonin as a transmitter, which when activated produces quiet or slow wave or NREM sleep [10, 24, 31, 40, 47, 57] . The locus coeruleus, on the other hand, with norepinephrine as a transmitter, would produce active or paradoxical or REM sleep.
Petre-Quadens and Jouvet [54] , as well as Feinberg et al. [20] , found abnormal sleep distribution with a trend toward low values for REM in patients with mental retardation from various causes, including a few with PKU. Inasmuch as blood and cerebrospinal fluid serotonin is low in PKU, these results do not support Jouvet's theory on serotonin as a quiet sleep transmitter. However, the experiments of Wyatt et al. [68, 69] with parachlorphenylalanine as well as with 5-hydroxytryptophan would lead one to conclude that in man, quite contrary to some experimental animals, serotonin facilitates REM sleep.
If either one of these theories is correct, one should find an abnormal ratio of quiet and active sleep in infants with PKU. Moreover, short term treatment with a low phenylalanine diet should have a normalizing influence on the sleeping patterns of such infants.
Subjects
Four groups of infants and children were selected for comparison. None of the infants received any medication or tranquilizer for at least 3 days before the EEG recording. None of the infants was on continuous drug therapy.
Group I: Subjects with Untreated PKU
Twenty-two infants and children between 16 days and 3.75 years of age were selected on the basis of the following findings. The FeCl 3 urine test was positive in all subjects. The phenylalanine blood level was persistently greater than 20 mg/100 ml in 15 cases. One infant had a phenylalanine level between 15 and 20 mg/100 ml but a sibling was idiotic from untreated classical phenylketonuria. Three untreated children between 1.5 and 4 years of age had phenylalanine blood levels between 8 and 15 mg/100 ml, but all three had a severe mental defect. Thus, 19 cases were regarded as classic PKU. In the three remaining cases blood phenylalanine never exceeded 18 mg/100 ml. On the basis of a persistent phenylalanine level above 8 mg/100 ml on a normal protein intake during the 1st year of life they were treated by a diet low in phenylalanine [73] . In retrospect, these three cases have to be regarded as atypical PKU or as long lasting hyperphenylalaninemia. The number of these atypical cases is too small to draw definite conclusions in regard to differences between classic and atypical PKU. However, this will be the main topic of our further studies.
Group II: Control Subjects
Twenty-two healthy normal infants and children were matched for age with the infants and children of group I.
Group III: Subjects with PKU under Dietary Treatment
Thirteen infants and children between 45 days and 3 years 10 months of age were reinvestigated after, treatment. Before recording they had been under continuous dietary treatment for 10-18 days in five cases and for l-li/fc months in eight cases. At the time of recording, the FeCl 3 test was negative and the Guthrie test indicated that the serum phenylalanine was below 8 mg/100 ml. None of these children had convulsions.
Group IV: Selected Subjects with Untreated PKU
Thirteen infants and children with untreated PKU from group I were matched for age with the infants and children from group III.
Methods

Polygraphic Recordings
A polygraphic sleep recording of 2-4 hr duration was obtained from each subject after a night feeding. Special care was taken to guarantee nearly identical conditions for each sleep recording. All infants and children were recorded in the same room in a crib or bed. Polygraphic recordings were done on an 8-channel Offner dynograph type T and consisted of (1) observed eye movements, registered by a push button; (2) respiration, registered by a thermistor attached to the infant's nose; (3) electromyogram of chin muscle activity; (4) facial and body activity, continuously observed during the recording and indicated by a code on the paper write-out; (5) EEG, recorded with silver/silver-chlorided stick-on electrodes in a montage of six bipolar leads from bilateral frontocentral, centro-occipital, and occipitotemporal regions. The electrode resistance was 6 kilo-ohms or less, pen deflection 5 mm/50 /xV, time constant 0.3 sec and paper speed 1.5 cm/sec.
Visual Analysis of Polygraphic Recordings
All records were visually analyzed page-by-page (20-sec epochs). The analyzer had no knowledge of the patients, i.e., age or status as PKU or control subject. Motor activity, eye movements, respiration, and EEG were described by the following coding systems.
Motor activity. The symbols were: 0, eyes closed, no motor activity; 1, eyes closed, facial muscle activity; 2, eyes closed, limb muscle activity; 3, eyes closed, total body activity; 4, eyes opening and closing; 5, eyes open, awake child.
Eye movements (with closed lids). The symbols were: 1, no eye movements; 2, rapid eye movements.
Respiration. The ratio of the shortest/longest breath-to-breath interval was calculated for each 20-sec epoch as an indicator of respiratory regularity.
Electroencephalogram. For evaluation of the EEG a coding system was used which assigns to each 20-sec epoch a number from 1 through 9. This system was introduced by Parmelee et al. [53] as an extension of the Dement EEG sleep stages [16] and has been found particularly useful for younger age groups: 1, low voltage, high frequency activity of the awake infant or child usually with eyes open; 2, a or 0 rhythm of the awake infant with eyes closed; 3, mixed B and 8 activity of relatively low amplitude usually seen while falling asleep or during active sleep (Dement stage I or REM); 4, regular 6 activity with amplitude modulation (hypnagogic activity [35] ), 5, mixed 8 and 6 activity of high amplitude but without sleep spindles; 6, low amplitude 0 and 8 activity with sleep spindles ( The codes for all four variables were punched on IBM cards and the distribution of sleep states was calculated by the computer. The analysis was always done for complete and uninterrupted cycles, i.e., one quiet sleep and the following active sleep phase.
EEG Computer Analysis
In eight subjects who had untreated PKU (group 1) and, correspondingly, in eight normal control children who were matched for age (group II), the EEG recordings have been investigated using the mathematic technique of spectral analysis. The mathematic principles and the application of spectral theory to EEG analysis have been discussed in detail by Walter [63, 64] and others [11, 18, 19, 36, 39, 65] .
The function used in this study is the autospectrogram, or power spectrum, which has been mathematically defined by Walter [63] . The autospectrogram resolves an EEG recording into frequency components, assigning higher intensity values to those frequencies at which the bioelectric activity is most pronounced and most regular. The more subtle variations in the activity at higher frequencies are best seen by plotting the logarithm of intensity against frequency.
Artifact-free, 3-min samples of EEG were selected visually for each sleep state without knowledge of the patients. These data were digitized and the power spectra computed using a general program for "Time series spectrum estimation" [17] .
Method of Calculating Spindle Peak Power
For those EEGs with prominent sigma rhythm or spindle activity, a peak appears in the autospectrogram in the 12-16 cps range (Fig. 7) . The area under such a peak represents the bioelectric power, with units proportional to (microvolts) 2 -cycles per second. This area was calculated in the following manner. The intensity I was calculated for all frequencies from 0 to 25 cps at 0.5-cps intervals. This plot of intensity (or log intensity) versus frequency, i.e., the power spectrum, forms a curve with underlying shape suggesting a hyperbola, but with superimposed peaks (e.g., spindle peak) sometimes deviating from this hyperbola shape. The frequencies f a and f b at which the spindle peak begins and ends, i.e., leaves and returns to this assumed hyperbola, can be visually selected with a high reproducibility between selectors. Frequencies f a and f b were selected blindly, i.e., without knowing whether the subject was a patient with PKU or a control subject. The following areas were then calculated.
The area under the power spectrum curve between f a and f b is the sum of the areas of n trapezoids, where f 0 = f a , f x , f 2 , ..., f n = f b are the frequencies at 0.5-cps intervals between f a and f b
U)
The area under a hyperbola connecting points (f a , I
(f a )) and (f b , I (f b )) is given by
is the equation for a general hyperbola, and constants a and fi are calculated by the solution of the pair of equations
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The difference between these areas is the power P of the spindle peak, i.e., the area enclosed by the power spectrum curve and the hyperbola a /i + j3 between f a and f b *£, 1 
Definition of Sleep States
The definition of sleep states is still controversial. Distribution of the two sleep states varies with the criteria used for active versus quiet, REM versus NREM, and paradoxical versus slow wave sleep. We consider futile any attempt to make every investigator agree on one definition. Therefore, we examined the distribution of sleep states as classified by several sets of criteria. One can split the record into many epochs of various behavioral states on the basis of minor differences, or one can lump similar epochs together on the basis of any one common variable. Using the three different ways of analyzing our records we hope to satisfy both the "splitters" and the "lumpers."
REM versus NREM sleep. The distribution of REM and NREM sleep was determined solely by the presence or absence of rapid eye movements under closed lids for each 20-sec epoch of an uninterrupted sleep cycle.
Active sleep versus quiet sleep versus undifferentiated sleep. Active sleep was defined as follows: presence of rapid eye movements; presence of limb or body movements; irregular respiration with a ratio of the shortest/longest breath-to-breath interval of less than 0.9; EEG code 1, 2, or 3. Three of these four criteria had to be fulfilled in order to classify a single 20-sec epoch of an uninterrupted sleep cycle as active sleep.
Quiet sleep was denned as follows: absence of rapid eye movements; absence of any limb or body movements; regular respiration with a ratio of the shortest/ longest breath-to-breath interval of greater than 0.8; EEG code 4-9. Three of these four criteria had to be met in order to classify a single 20-sec epoch of an uninterrupted sleep cycle as quiet sleep. All 20-sec epochs which could not thus be identified as either active or quiet sleep were classified as undifferentiated sleep.
Paradoxical versus slow wave sleep. The determination of paradoxical versus slow wave sleep distribution was based solely on the visual analysis of the paper write-out record. The first occurrence of sleep spindles after the disappearance of rapid eye movements was defined as the beginning of phase 1, 3, or 5, respectively (subsequent slow wave sleep phases were thus given odd numbers). The first occurrence of rapid eye movements together with a change in the EEG from 8 to 0/8 activity with lower amplitude and without sleep spindles was defined as phase 2, 4, or 6, respectively (subsequent paradoxical sleep phases were thus given even numbers). For this procedure the interpreter was allowed 3 min to decide when to define the change from one phase to the other, in order to allow him to rely also on the other recorded parameters and to neglect single eye movements or single sleep spindles.
Quiet sleep stages. After the 46th week of conceptional age (i.e., 6 weeks after term birth), quiet sleep periods last longer than in the neonatal period and the EEG patterns begin to differentiate according to the Dement sleep stages II, III, and IV [16] : stage II, relatively low amplitude theta activity with sleep spindles; to 0/8 activity with lower amplitude and without stage III, mixed 0/8 activity of high amplitude with sleep spindles; stage IV, high amplitude 8/0 activity usually without sleep spindles.
Although all four of the Dement stages are well expressed only toward the end of the 1st year, both visual and computer analysis of the EEG disclose some of the characteristic changes of the EEG during quiet sleep as early as 3 months after term birth. Therefore, after 44 weeks of conceptional age, each quiet sleep state was divided into three consecutive periods of equal length, called quiet sleep II, III, and IV. These digits were chosen with references to the Dement quiet sleep stages although, obviously, our quiet sleep periods do not always coincide with the Dement stages. An infant 3 months after term birth, for example, does not have any well expressed EEG pattern of Dement stage IV.
Results
No significant differences in the distribution of quiet, active, and undifferentiated sleep could be detected between infants with untreated PKU and either the treated or control infants (Fig. 1) . In fact, the percentages of 20 were strikingly similar. The result was independent of the criteria for the definition of sleep states. Whether relying only on eye movements (NREM versus REM sleep), considering both EEG and eye movements (slow wave versus paradoxical sleep), or using three out of four criteria for the definition of quiet versus active sleep, we were not able to detect differences in the distribution of sleep states between control subjects and those with PKU, or between treated and untreated phenylketonuric children (Fig. 2) . Comparing the distributions based on the three sets of criteria for determining sleep states, the same recordings always contained more NREM sleep than quiet sleep and, in turn, more quiet sleep than slow wave sleep. This result is not surprising. Our criteria for quiet sleep have more conditions than just absence of eye movements.
On the other hand, quiet sleep criteria include more than just slow wave EEG activity, since a few epochs with fast wave activity met the other three out of four criteria for quiet sleep and were, therefore, included in quiet sleep. When the 1st and 2nd sleep cycles were analyzed separately, small and insignificant differences between control subjects and phenylketonuric children could be detected (Fig. 3) . However, the differences in one cycle were always such that they were almost exactly counteracted by the distribution of sleep states in the next cycle. Children with PKU had significantly more sleep spindles within all slow wave sleep phases (Fig. 4) , in confirmation of preliminary results obtained in our laboratory [25] . Poley and Dumermuth [55] observed a greater amount of high frequency activity in children with PKU. Dietary treatment with a successful reduction of phenylalanine blood levels did not immediately reduce the number of sleep spindles compared with phenylketonuric children without treatment. The EEG power spectra support these findings of visual analysis with regard to sleep spindle development. At 5 weeks from birth (45 weeks conceptional age) a power peak between 12-16 cps is visible only in infants with PKU (Fig. 5) . At this age sleep spindles do not yet occur in normal infants [41, 49, 58] . In a 10-week-old with infant PKU the 12--16-cps peak is even higher than in a 12-week-old normal baby. Furthermore, at this age the sleep spindles in PKU may occur in all sleep stages, sometimes even in active sleep, whereas normal children at this age usually have spindle activity only in quiet sleep stage II (Fig. 6) . In PKU the spindle power peak is frequently abnormally shaped with two, or even three separate peaks (Fig. 7) . Our findings on spindle peak power in eight PKU subjects compared with eight normal children matched for age are summarized in Figure 8 . The area under the spindle peak, i.e., the bioelectric power in the 12--16-cps range is greater in children with PKU than in normal children. Moreover, the frequency within the sleep spindles is higher in children with PKU (Fig. 9) . Subjects with PKU have fewer monomorphic 0 waves, i.e., hypnagogic theta activity [35] , compared with control children (Fig. 10) . The markedly diminished amount of hypnagogic activity in the subjects with PKU did not increase after short term dietary treatment despite normal blood phenylalanine levels. This finding, however, requires some further analysis.
Of the six EEGs of normal children 1 year or older for whom power spectra were computed, four out of five older than 1.5 years had hypnagogic power peaks between 4 and 6 cps. The fifth had no peak below 11 cps. The other EEG, of a 1-year-old normal child, had a small peak at 10 cps [58] . Of 10 EEGs of children with PKU who were older than 1 year for whom power spectra were computed, eight had a prespindle power peak. However, this peak was always at higher frequencies than the hypnagogic or drowsy waves in nor- mal children over 1 year of age (Fig. 11) . Thus, either hypnagogic activity does not occur in subjects with PKU, or its frequency is shifted to higher values. From their shape as well as their occurrence during the initiation of sleep and between periods of active and quiet sleep, we assume that the 7-11-cps rhythmic activity in PKU does represent an abnormally high frequency version of hypnagogic activity (Fig. 12) .
Discussion
Relevance of Results in Relation to Biochemical Theories of Sleep
Our results do not support the hypothesis that serotonin regulates the distribution of active versus quiet sleep. The discrepancy between the results obtained by Petre-Quadens and Jouvet [54] and by Feinberg et al. [20] and our results may be because these authors mainly investigated adult subjects. Long lasting mental retardation with convulsions and myelination deficits [1, 13, 22, 45, 56] rather than a disturbance in the noradrenaline/serotonin balance may account for the decreased amount of REM sleep found by these authors in many different mental retardates including subjects with PKU. Petre-Quadens and Jouvet [54] did all night recordings and Feinberg et al. [20] even studied several consecutive nights, whereas our results are based on the analysis of a few total sleep cycles. After a pilot study with all night recordings in three children with PKU and three normal children showed no difference in the distribution of quiet versus active sleep, we did not pursue this further.
In PKU the synthesis of epinephrine is also affected [66] . Nadler and Hsia [50] were able to demonstrate a decrease of norepinephrine and epinephrine in the plasma and of dopamine, norepinephrine, and epinephrine in the urine of phenylketonuric children. In all instances this decrease was reversible when PKU was treated with a low phenylalanine diet. Although the changes of these biogenic amine concentrations were rather small, they contaminate our results and weaken their relevance for the biochemical theories of sleep. However, experimental studies with intravascular, intracerebral, or intraventricular administration of serotonin, ^-chlorophenylalanine, 5-hydroxytryptophan, or monoamine oxidase inhibitors do not provide a more convincing experimental approach, because these drugs are also acting upon both serotonin and catecholamines [33] . The failure to show any abnormality in the distribution between quiet and active sleep in infants and children with PKU may be because, quite contrary to experimental situations in animals, the blood and cerebrospinal fluid serotonin level is chronically reduced and not abruptly decreased. Even the normalization of serotonin levels after the initiation of a low phenylalanine diet takes about 4 weeks [52] . Therefore, it is not surprising that we did not find any change in sleep state distribution or in the amount of sleep spindle activity within 6 weeks after the initiation of dietary treatment. Last, but not least, our results could indicate that serotonin has nothing to do with the normal regulation of sleep states. At least we must assume that under chronic conditions a normal or near normal sequence of quiet and active sleep can be maintained despite a severe lack of serotonin.
Monoamine oxidase inhibitors (nialamide), which increase the amount of brain serotonin, produce long lasting slow wave sleep with excessive spindling in the EEG of cats [31] . In contrast, we found excessive spindling in infants with PKU who have little blood and cerebrospinal fluid serotonin. Furthermore, the bioelectric activity within PKU spindles has a higher than normal frequency. This finding can be explained on the basis of the apparent importance of serotonin in regulating inhibitory synaptic processes in the brain stem, the limbic lobe, and the hypothalamus [51] . If, as proposed by Andersen and Andersson [2] , sleep spindles are originated in the thalamus by means of balanced activity between excitatory and recurrent inhibitory neurons, a lack of inhibitory transmitter could account for an increased amount of sleep spindles with higher than normal frequency. A model for this effect was proposed by Andersen and Eccles [3] . They have hypothesized that the thalamic recurrent inhibitory mechanism is responsible for the pauses between spindle bursts as well as for the spindles themselves, the former through recurrent postsynaptic inhibition and the latter through "post-inhibitory rebound." Thus, inhibitory interneurons in the thalamus determine the onset, duration, and frequency of spindle discharges. They further postulate that after the post-inhibitory period, many participating neurons are in a state of hyperexcitability, which accounts for the rhythmicity of the spindle activity. It is interesting to note that the other regular rhythmic phenomenon in the sleep EEG, the hypnagogic 0 activity (4-6 cps), is also shifted toward higher frequencies (7-11 cps) in children with PKU. Perhaps neuronal mechanisms similar to those responsible for the thalamic origin of sleep spindles account for the generation of hypnagogic activity as well.
Sleep Spindles, Brain Development, and Effect of Dietary Treatment of PKU
The rhythmic sleep spindle activity seems to be a very sensitive indicator of abnormal brain development. In the infants with PKU, abnormal spindle activity could already be seen 5 weeks after term birth, the EEG abnormalities increasing with age and severity of the mental defect. The increased amount of sleep spindles with longer duration and shorter spindle to spindle intervals was substantiated by visual analysis of the paper write-out. This result was confirmed by automatic spectral analysis, although with this method, not only sleep spindles, but also continuous 11-15-cps activity, accounted for the 11-15-cps activity peak.
Because the age of onset, the developmental course during the 1st year of life, the amount and the frequency of sleep spindles are very consistent in normal infants; it seems that normal brain development is not compatible with deviant generation of sleep spindles. In contrast to PKU, in hypothyroidism we have found the development of sleep spindles to be severely retarded or absent [42, 59] . Furthermore, Gibbs and Gibbs [23] found "extreme spindles" in children with mental retardation.
No significant change in the amount and the frequency of sleep spindles was seen within 4-6 weeks after the initiation of dietary treatment. This could be because about 4 weeks are apparently required for the normalization of tryptophan metabolism and the restitution of blood serotonin [52] .
It is unlikely that the abnormal tryptophan metabolism with lack of serotonin is responsible for the mental defect in PKU. There is widespread agreement that normal intellectual development can only be achieved when therapy begins very early and is strictly maintained during childhood [7, 8, 21, 27, 30, 34] , although normalization of serotonin levels can be achieved by the initiation of treatment at any age. However, certain therapeutic improvements of motor behavior have been reported, even when therapy was started late in infancy or during childhood, e.g., increased ability of locomotion, decrease of muscle tone and excitability, increased awareness of the surroundings, disappearance of seizure activity both clinically and in the EEG [4, 9, 12, 26, 43, 44, 67] . It is not known why such differences exist between the intellectual development on one hand and motor behavior and seizure activity on the other [48] . The changes in motor behavior and in the EEG may be due at least in part to the correction of tryptophan metabolism with an increase in serotonin as a brain stem inhibitory transmitter.
A detailed comparative study of intellectual functions, motor behavior, and sleep spindle development, along with the well known biochemical changes under low phenylalanine diet in PKU, has been initiated in our laboratory. The ultimate goal is not to discover one cause of all developmental anomalies in PKU, but to establish relations between several of them.
Summary
The distribution of sleep states and the sleep EEG were analyzed in infants and children with phenylketonuria before and after dietary treatment.
The percentage of time spent in active, quiet, and undifferentiated sleep was almost identical in untreated and treated phenylketonuric children as well as in control children matched for age. Our results do not support the hypothesis that serotonin regulates the distribution of active versus quiet sleep; in chronic conditions a normal or near normal sequence of quiet and active sleep can be maintained despite a severe lack of serotonin.
The number of sleep spindles and the bioelectric power in the 12--16-cps range were higher in infants and children with phenylketonuria compared with controls. No difference in sleep spindle activity could be detected between children with untreated phenylketonuria and those with 4-6 weeks of dietary treatment. Compared with normal infants, the frequency of the waves within sleep spindles was higher in patients with PKU, and the shape of the spindle peaks in the EEG power spectra was frequently abnormal.
There is strikingly little monomorphic 6 activity in children with PKU. The hypnagogic or drowsy activity has been shifted to higher frequencies in the range of 7-11 cps.
The increased amount of high frequency spindle and drowsy activity in PKU can be explained by a decrease in blood and brain serotonin and y-aminobutyric acid as inhibitory transmitters on the basis of the Andersen and Andersson hypothesis on the generation of rhythmic thalamocortical activity.
